Abstract: Concrete is one of most used materials in construction and also one of the main responsible for the emission of carbon dioxide, or CO 2 , in the atmosphere. Thus, in order to study ways to reduce this impact, it is important to evaluate the influence of each raw material of the reinforced concrete, as well as the phases of the life cycle in which these impacts are more relevant. This paper presents a review of recent studies related to carbon dioxide emissions of the materials of reinforced concrete. In this review, we sought to identify the phases of the life cycle of reinforced concrete most focused by researches. It was found that the cement production stage is the most contemplated in the studies, many of them focusing on the additions of complementary cementitious products, since cement is among the materials that contributes decisively to the total CO 2 emissions. The structure sizing, with the definition of concrete strength to be adopted in the design, were also extensively investigated, since these are phases in which it is identified a greater possibility of contribution, by the researchers, for the minimization of the impacts.
Introduction
Concrete is the main building material employed in the world and accounts for a significant share of carbon dioxide or CO 2 emissions in the atmosphere (Edvardsen and Tollose, 2001) . Although building construction brings undeniable benefits to the community, it is also associated with high costs in terms of environmental impacts. Adopting procedures and strategies to minimize these impacts will require a change in the attitudes and culture of the builders and all others involved in the process (Pullen et al., 2012) . One way to minimize environmental impacts is to evaluate each stage of the life cycle of the construction, from the extraction of raw materials to the demolition and waste disposal.
According to Byung et al. (2016) , CO 2 emission data incorporated in building materials vary significantly, depending on the Life Cycle Assessment (LCA), the country and the time of data formation. In the emission data used in the recent literature, the percentage differences in CO 2 emissions on concrete and steel as two typical building materials were up to 267 and 863%, respectively. Oliveira et al. (2014) , in their study of strategies to minimize CO 2 emissions from concrete, indicate that many variables that influence the environmental footprint of a concrete can be controlled by those who specify and produce concretes. However, others are controlled by producers of raw materials, especially cement and it is only possible to select the best supplier from among those available. The systematic discussion of the potential of the different strategies to control the concrete CO 2 footprint has been absent from the literature.
Still, Hájek et al. (2011) in their study show that the use of optimized concrete structures for the environment creates a potential to increase the quality of the construction and consequently a reduction of the environmental impact. Therefore, any improvement in the principles of concrete mix design, assessment methodologies, construction and demolition technologies and the management of the operation and use of concrete structures is a major contribution to the general objective of sustainable development of society and the environment.
According to Mikulcic et al. (2016) , the cement industry worldwide is one of the largest industrial sectors emitting CO 2 , accounting for a considerable amount of global greenhouse gas emissions. Due to the growing awareness of global warming, the production of more energy-efficient cement is being increasingly emphasized, with one of the priorities being to reduce energy demand and to innovate the production process in order to move towards a cleaner production. Purnell (2012) in his study demonstrated that the structural design parameters (e.g. dimensions and load capacity) for fundamental structural components (beams and columns) are at least as important as the choice of material in relation to its effect on embedded CO 2 .
Therefore, it can be observed that there are several factors to be studied, evaluated and optimized in the process of minimizing CO 2 emissions of reinforced concrete. This article carries out a bibliographical review of recent and relevant studies, trying to verify which of these phases are being most approached and studied and what are the reasons that lead the researchers to this.
Phases of Emissions of Carbon Dioxide of Reinforced Concrete
To carry out studies related to the environmental impact of reinforced concrete, all involved phases must be considered, starting with the extraction of raw materials. An efficient approach can be performed through the structure life cycle assessment, or LCA.
The cycle evaluation methodology, described by ISO 14040 technical standard, follows four distinct stages: The definition of objective and scope, inventory analysis, impact assessment and interpretation of results. Several environmental indicators can be used during a life cycle analysis study, which are chosen by researchers according to the purpose and scope of the work to be performed.
Life-cycle assessment is a methodology used to evaluate the environmental impact and resources used throughout the life cycle of a product, that is, environmental impact management is approached from the moment the raw material is extracted to the production, use, demolition and recycling phases. In the context of sustainable production in construction, products should be designed so that at the beginning of the life cycle they contain recycled waste as raw material and, at the end of their life cycle, can be recycled and reused to become materials in other production systems. Figure 1 summarizes the life cycle of the concrete adapted from the study of Vieira et al. (2016) , with the phases that constitute its productive chain.
A complete example of LCA applied to concrete can be viewed, for example, in Tait and Cheung (2016) . 
Recent Studies on Emissions of Carbon Dioxide of Reinforced Concrete
Following are studies on CO 2 emissions of reinforced concrete recently carried out in several countries, briefly describing the adopted methodology, the phases studied and the findings and conclusions obtained. Kim et al. (2016) report that the Korean construction industry accounts for 40% of total CO 2 emissions in the country and that it is essential to reduce these quantities. In their study, they developed an optimization system to minimize CO 2 emissions and maximize the economic efficiency of concrete in the cradle-to-gate phase, that is, from the production of the raw material to the point where it leaves the manufacturer's production facilities. The raw materials phase included CO 2 emissions during the production of concrete, cement, aggregates and water components, the transportation phase includes CO 2 emissions from the transport of raw materials to the concrete plant and the production phase considered the CO 2 emissions caused by the generation of electricity and use of fossil fuels in the factory plant. Carrying out a case analysis on a concrete structure design in Korea, using the optimization system, the results obtained indicated that, if the concrete mix and raw material suppliers were selected with the objective of minimizing CO 2 emission and the cost of the concrete, one can obtain values with a reduction of 34% in the emission of CO 2 and 1% in the costs compared to those obtained by conventional methods.
As studies aiming the reduction of carbon dioxide emissions in the building lifecycle becomes increasingly important, it is essential to develop technologies that can quantitatively assess a building's CO 2 emissions at the level of building materials. Park et al. (2012) in their study, proposes a method to evaluate the CO 2 emissions considering the compressive strength of the concrete and the season of the year. Specifically, the compressive strengths of various concrete mixtures that are adopted in construction sites in Korea were used to evaluate CO 2 emissions. Comparisons were also made according to the characteristics of each mixture, concluding that the CO 2 emission from the life cycle of the concrete increased linearly to the compressive strength of the concrete, being about 48% greater to 35 MPa than to 21 MPa. With similar compressive strengths, the concrete produced in the winter presented an increase of approximately 5% in the CO 2 emissions when compared to the concrete produced in a standard season. The amount of CO 2 emitted by the concrete with additives was 47% lower (a significant reduction) when compared to the concrete without any addition. Santoro and Kripka (2016) proposed the determination of CO 2 emissions parameters from the production and transportation of raw materials and from the production and transportation of the concrete to the work site, to be used in the design of concrete structures by considering the environmental issue. To evaluate the results obtained, they concluded that producing a concrete with a higher strength will produce a greater amount of CO 2 in the environment, mainly because the cement will be present in greater quantity. They emphasize, however, that concrete of greater resistance will be used in smaller volumes. Thus, definitive conclusions can only be obtained after the design of each structure or element, considering also the quantity of steel and its corresponding emissions. In relation to transport, it was found that the CO 2 emissions of this stage are significant, due to the long distances covered by two of the four raw materials used in the production of the concrete. The natural aggregate (sand) is the one that has the largest contribution of transport in its total emissions.
In their study, Choi et al. (2016) verified the variability of CO 2 emissions in the construction of reinforced concrete structures, seeking to mitigate the environmental impacts of building construction. They developed a model of columns optimization evaluating the influence of the variations in the strength of the materials and its relations with the CO 2 emissions. From the optimization of a high-rise building, Choi et al. (2016) concluded that for smaller loads the increase of the transversal area of concrete is more advantageous for the reduction of CO 2 emissions and for greater loads the increase of the steel profile produces a more sustainable solution. Regarding the strength of the materials involved, under the effect of high loads, it has been verified that the increase in the strength of steel significantly reduce CO 2 emissions and is also more advantageous in relation to the proposed indicator that represents the usability of the projected column space. Berndt (2015) in his study used the emission values for Australia to compare the influence of the concrete mixtures on wind turbine plant foundations. The study has shown that, when structurally feasible, the use of smaller resistances is advantageous in relation to CO 2 emissions, provided that other properties, such as durability, are appropriate to the site conditions and the time life. Also within the same resistance, the use of 65% of slag rather than 100% of Portland cement gives a greater reduction in CO 2 emissions, from 42.7% to 32 MPa and 44.8% to 40 MPa. They conclude that the choice of the concrete mixture strongly influences the magnitude of the CO 2 emissions, being able to be optimized to maintain the structural adequacy and to minimize the emissions.
In addition, Yang et al. (2015) examined the efficacy of complementary cementitious materials such as blast furnace slag, fly ash and active silica in reducing the CO 2 emissions of Portland cement used in concrete production by assembling and analyzing a comprehensive database, including 5294 laboratory concrete mixtures and 3915 concrete mixtures under construction. Compressive strength ranges from 8 to 170 MPa and substitution levels of 3 to 80% blast furnace slag, 3 to 70% fly ash and 3 to 40% active silica were considered. The study considered the Korean life cycle from cradle to gate including raw materials, transportation and concrete production phases. They concluded that the intensity of CO 2 emissions gradually decreases as Portland cement (up to 15 to 20%) is replaced by complementary cementitious materials. García-Segura et al. (2014) sought to determine if the reduction in emissions of cements mixed with fly ash and blast furnace slag compensates for the reduction of their durability and their carbon capture by carbonation. They evaluated a reinforced concrete column during its life time and after its demolition and reutilization, having gravel as filling material. The results showed that Portland cement concrete, with a mixture of 35% fly ash and 80% blast furnace slag, captures 47, 41 and 20% of CO 2 emissions, respectively. The life time of the mixed cements, such as 50% or 80% blast furnace slag and 35% fly ash was about 10% lower. In comparison to Portland cement, despite the reduction in CO 2 capture and life time, 80% blast furnace slag cement emitted 20% less CO 2 per year. Cabello et al. (2016) evaluated the costs and emissions of greenhouse gases (kg of CO 2 ) generated during the process of constructing a reinforced concrete structure designed for residential use. The type of floor structure selected was flat slabs, which permanently incorporates two materials in the structure: Steel and concrete. Three case studies were used to compare different spacings between the columns, the building having 7 floors and a height of 21 meters and studying the fourth floor. The impact modeling was carried out by SimaPro software in conjunction with the Ecoinvent 2.0 database, incorporating the common characteristics for the construction sector in Spain. As for the impacts generated, in relation to steel, they indicate that slabs with 5m of span represent 45.52% of the emissions, while for slabs with 7m of span, steel represents 53.49%. Concrete, on the other hand, undergoes the inverse process, since it represents 52.71% of impact with 5m of span and 45,26% for 7m of span. When evaluating the dimensions of each structure studied and considering the slab with a span of 5×5m the optimum value, it is observed that for CO 2 emissions there is an increase of 3.78% for the span of 6m and 12.72% for the span of 7m. They also conclude that in order to reduce the environmental impact generated by a structure, the focus should be on the first phase of the study, i.e., the production of raw materials, transportation and production of concrete. Oliveira et al. (2014) , in their study in Brazil, report that most concrete emissions originate in the cement production and a traditional strategy of minimizing the CO 2 footprint has favored the degree of clinker replacement. They indicated that in relation to the quality control of the productive process of the concrete, there will be a maximum increase of 13% in the total consumption of cement. They also verified that the variation of cement consumption related to the concrete mixture process demonstrates a great potential for improving the efficiency of the use of the binders. They also concluded that, in general terms, it is not appropriate to base decisions on the emissions of concrete solely on the strength of the concrete and the type of cement used, since the variations are significant. Paya-Zaforteza et al. (2009) sought to describe a methodology for designing reinforced concrete structures based on the minimization of two objective functions: Embedded CO 2 emissions and economic cost. The evaluation followed the Spanish standards and the methodology was applied to six typical structures of up to 8 floors. The results indicate that the two objectives seem to be highly related since the best CO 2 emissions solutions are only 2.77% more expensive than the best cost solutions. Alternatively, the approximate solutions of the best cost worsen CO 2 emissions by 3.8%. Park et al. (2013) carried out a study proposing a sizing method for composite columns of reinforced concrete and steel profiles in tall buildings (35 floors), to reduce the cost and CO 2 emissions of structural materials during the construction phase. The results obtained from the proposed technique indicated that the weight of the steel section, in the best result, was reduced by 39.14% while the weight of the concrete was increased by 7.23%. They have argued that reducing the amount of steel and increasing the amount of concrete can be an effective way to reduce the structural costs and CO 2 emissions of the columns studied. In obtaining the ideal structure was also considered the use of high strength materials (concrete and steel) in relation to the initial design. They conclude that the use of this type of material for composite elements also reduces CO 2 emissions. Thus, even if the initial costs and emissions are higher than those of conventional materials, the final results were better because the high-strength materials required smaller volumes for the construction of the columns.
Habert and Roussel (2009) evaluated two different environmental options for sustainable concrete mixtures. The first was the replacement of clinker by mineral additions in cement in order to reduce the environmental cost of the material for a given volume of concrete produced. The second option was to reduce the volume of concrete required for a given construction process, increasing the strength of concrete. They estimated that, in France, CO 2 emissions could be reduced by 15% only by increasing the level of substitution in concrete cement. It was also estimated that the second option could lead to emission reductions of around 30%. Additionally, the authors emphasize that it is also possible to combine cement replacement and increase mechanical strength. From the results and observation of the French practice, this procedure could lead to the reduction of CO 2 emissions of up to 40%. Possan et al. (2016) in their study report that during their life cycle, concrete structures are subjected to carbonation and can absorb part of the CO 2 emitted during construction. To evaluate this potential, the study applied mathematical modeling to evaluate the compressive strength performance of a concrete of 20, 30 and 40 MPa produced with different types of cements for periods of 0 to 100 years. They indicated that concrete during its life time can absorb from 40 to 90% of CO 2 emitted in the manufacturing process. In some cases, considering the demolition of the structure, its absorption is almost 100%. The percentage of carbon absorption is realized by concrete over its useful life (70 years) and during the post-demolition period (up to 30 years). Based on these studies, it was observed that the absorption of CO 2 is directly proportional to the surface area of concrete exposed to CO 2 , influenced by the type of cement and resistance to concrete. The CO 2 emissions balance can become an indicator of sustainability and, in the future, can be considered a compensatory measure in the design of concrete structures. Park et al. (2014) aimed to present design guidelines for reducing CO 2 emissions or costs associated with structural materials in the design phase of reinforced concrete columns. Influences of design factors on CO 2 emissions or costs were investigated based on the results of a parametric study. They concluded that if the strengths of the structural materials are fixed and the dimensions of the concrete section and the steel area are varied, the steel sections with the lower CO 2 emissions are close to the maximum steel ratio, except in cases where that the concrete width increases to satisfy the constraint in the maximum steel ratio. This means that increasing the amount of steel within the allowed range is an efficient approach to reduce CO 2 emissions. The steel areas of the lower-cost crosssections are close to the minimum allowed. In addition, it has been found that increasing the strength of the structural materials used is more efficient in reducing both CO 2 emissions and costs than increasing the quantities of structural materials used.
Collins (2013) aimed to investigate the ability of recycled concrete to react chemically with CO 2 in the air, significantly influencing emission estimates. This work has re-examined CO 2 in terms of life cycle definition and proposes encompassing the firstgeneration structure, which covers the time from raw material supply to demolition and includes a second construction incorporating recycled concrete from the original structure. It reports that if carbonation is ignored, emission estimates can be overestimated by up to 45% depending on the strength of the concrete that was used as well as the type of construction application that incorporates recycled concrete during the second generation. Considering that recycling concrete is a common practice (for example, in Australia it accounts for 74% of the demolished concrete), the secondgeneration construction following the demolition of the original concrete is to be included in the emissions life cycle estimates of CO 2 . Yepes et al. (2012) presented an approach to a methodology for the design of reinforced concrete retaining walls. They used a hybrid multiobjective optimization method, applied to two objective functions: Embodied carbon dioxide (CO 2 ) emissions and economic cost of retaining walls of reinforced concrete at different stages of production, transportation and execution. The analysis reveals that CO 2 emissions and costs are closely related because the best environmental solutions cost at most only 1.28% more than the best cost solutions. Alternatively, the best cost solutions increase CO 2 emissions by only 1.12%. Thus, acceptable solutions in terms of CO 2 emissions are also feasible in terms of cost and vice versa. These results are consistent with previous studies by the research group (PayaZaforteza et al., 2009) .
The main results obtained in the above-mentioned studies are summarized in Table 1 . Kim et al. (2016) If concrete mix and raw material suppliers were carefully selected, it can be obtained a reduction of 34% in the emission of CO 2 and 1% in the costs Park et al. (2012) CO 2 emissions increase linearly with the compressive strength of the concrete; to similar strengths, the concrete produced in the winter presented an increase of approximately 5% in the CO 2 emissions Santoro and Kripka (2016) Higher strength concrete will produce a greater amount of CO 2 ; the CO 2 emissions during transport are significant Choi et al. (2016) For smaller loads the increase of the transversal area of concrete is more advantageous for the eduction of O 2 emissions, and for greater loads the increase of the steel profile produces a more sustainable solution Berndt (2015) The use of smaller resistances is advantageous in relation to CO 2 emissions; the choice of the concrete mixture strongly influences the magnitude of the CO 2 emissions Yang et al. (2015) The intensity of CO 2 emissions gradually decreases as Portland cement is replaced by complementary cementitious materials (up to 20%) García-Segura et al. (2014) In comparison to Portland cement, despite the reduction in CO 2 capture and life time, 80% blast furnace slag cement emitted 20% less CO 2 per year Cabello et al. (2016) To reduce the environmental impact generated by a structure, the focus should be on phases of production of raw materials, transportation and production of concrete Oliveira et al. (2014) It is not appropriate to base decisions on the emissions of concrete solely on the strength of the concrete and the type of cement used, since the variations are significant Paya-Zaforteza et al (2009) Minimization of embedded CO 2 emissions and economic cost seem to be highly related Park et al. (2013) Reducing the amount of steel and increasing the amount of concrete can be an effective way to reduce the structural costs and CO 2 emissions of columns Habert and Roussel (2009) It is also possible to combine cement replacement and increase mechanical strength Possan et al. (2016) Concrete during its life time can absorb from 40 to 90% of CO 2 emitted in the manufacturing process; the absorption of CO 2 is directly proportional to the surface area of concrete exposed to CO 2 , and influenced by the type of cement and resistance to concrete. Park et al. (2014) Increasing the strength of the structural materials used is more efficient in reducing CO 2 emissions and costs than increasing the quantities of structural materials used Collins (2013) If carbonation is ignored, emission estimates can be overestimated by up to 45% depending on the strength of the concrete that was used as well as the type of construction application that incorporates recycled concrete during the second generation Yepes et al. (2012) CO 2 emissions and costs are closely related. Thus, acceptable solutions in terms of CO 2 emissions are also feasible in terms of cost and vice versa
Results and Discussion
In this brief bibliographic review, studies were presented from diverse countries (Fig. 2) . In relation to what is being studied, it was verified that the main lines of study are distributed, in the majority, in the production phase of the concrete, taking into account the choice of its strength and the additions in the cement. Approximately 31% of the studies work with the dimensioning phases of structural elements such as columns, slabs and complete structures and the remaining 19% in the life cycle more broadly, also considering the carbonation of the concrete during its whole life.
Regarding the phases of the CO 2 emissions process of reinforced concrete, the studies evaluated showed that the vast majority works with the cradle to gate phases, involving the production stages of raw materials, transportation, structural design and reinforced concrete.
To facilitate the perception of these behaviors, Fig. 3 shows a flowchart that presents, according to the authors' understanding, the phases that are involved in the CO 2 emissions of the reinforced concrete, as well as the indication of the greater or lesser concentration of the studies in each step. Darker tones indicate greater emphasis on the corresponding phase or process.
When analyzing the reasons for the choices of the most studied phases, it can be concluded that one of the main factors is because the stage of cement production and its percentages of additions have a great contribution in the final values of the CO 2 emissions of the whole life cycle and that the design of the structure and choice of concrete strength presents greater ease of optimization and control by the researchers. On the other hand, the production and transport phase of the formworks have not received much attention, probably due to the low possibility of interference in the production process and the fact that they do not integrate the structure during its life cycle, unlike concrete and steel. 
Summary and Conclusion
In the studies that address the environmental impacts of reinforced concrete (in the present study measured by carbon dioxide emissions), contributions should always be taken into account in the life cycle emissions, from the extraction and production of raw materials, such as cement, aggregates, steel, additives and water, in addition to all transportation issues involved. Also, dimensioning and characteristic strengths of materials should be observed. The production phases of the concrete, with the choice of the most suitable concrete mixture for the defined strength and situations in the use, maintenance and carbonation stages are equally important. Already in the demolition of the structure the final destination of the concrete should be part of the studies, either for landfills or for recycling, in which questions of carbonation may influence again, contributing to minimize the final CO 2 emissions of the reinforced concrete.
When the conclusions of the presented studies are observed, the percentages of emission reductions have significant variations due to the specificities of each study, for example, its region of study, the indicators of raw materials used, the methodology of analysis, the structural element considered and the distances covered in the process, among other factors. Thus, a long road must still be traveled so that the impacts can be fully evaluated and effectively reduced.
Although the present study is limited only to carbon dioxide emissions, it is believed that the general observations made here can be extended to other equally relevant forms of measurement, such as energy consumption or global warming potential.
